Enhanced Desorption Ionization Using Oxidizing Electrosprays  by Nefliu, Marcela et al.
SHORT COMMUNICATION
Enhanced Desorption Ionization
Using Oxidizing Electrosprays
Marcela Nefliu and R. Graham Cooks
Department of Chemistry, Purdue University, West Lafayette, Indiana, USA
Colin Moore
Chemtura Corporation, Middlebury, Connecticut, USA
A signal enhancement of two orders of magnitude was achieved when reactive desorption
electrospray ionization (DESI) was used to investigate copper(II) dibutyl dithiocarbamate,
Cu(II)(bu2dtc)2, found in a specialized polymer. Cu(II) was oxidized to Cu(III) during the DESI
experiment by oxidants in the spray solvent. Such oxidants could be present or formed during
electrospray (e.g., O2) or deliberately added to the spray solvent (this approach is called
reactive DESI). When a strong oxidizing agent (e.g., iodine) was added to the spray solvent, the
signal increased by two orders of magnitude relative to the pure solvent spray. The correlation
between the standard reduction potential of the oxidant and the signal intensity and signal to
noise ratio of the product ion for various reagents, was tested and discussed. The observed
DESI enhancements in rates of oxidation are not observed in homogeneous solution. The major
peaks in the collision induced dissociation (CID) spectrum of the complex ion
[Cu(III)(bu2dtc)2]
were identified using isotopic distributions and MS3 data. (J Am Soc Mass
Spectrom 2006, 17, 1091–1095) © 2006 American Society for Mass SpectrometryDesorption electrospray ionization (DESI) [1, 2] isa soft ionization technique which uses electros-prayed solvent to desorb ionized condensed
phase analytes under ambient conditions. The method
can be used for the rapid, sensitive, and specific trace
analysis of analytes in a variety of complex materials
without sample preparation. Application areas already
demonstrated include pharmaceutical preparations
[3–5], natural products [6], drug metabolites [7], intact
tissue analysis [2], explosives [8], thin-layer chromatog-
raphy [9], proteolyzed solutions [2], and synthetic poly-
mers [10]. DESI is a heterogeneous process involving
charged solution-phase droplets interacting with a con-
densed phase sample to yield gas-phase ions. It is
therefore straightforward to add solution-phase re-
agents to the spray solvent to mediate the interfacial
chemistry. This capability, sometimes called reactive
DESI, has been used to perform selective ligand/pro-
tein binding [1], to stereoselectively generate covalent
cyclic boronates from 1,2-diols [11] and to perform
Eberlin transacetalization of acylium ions (Eberlin,
M. N., unpublished results). These instances emphasize
the analogy between DESI and chemical ionization (CI),
even though the former employs solution-phase rather
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CI experiment.
We demonstrate in this paper that redox reactions
can be used to advantage in DESI analysis (as they have
previously been so used in electrospray ionization [12,
13]). We report a very large enhancement in the effi-
ciency of ionization of a particular metal complex
present in a specialized layered ethylene/propylene/
diene polymer [14] by using redox spray reagents to
assist in ionization. The analyte investigated is the
neutral copper(II) dibutyl dithiocarbamate complex,
Cu(II)(bu2dtc)2, which is ionized to [Cu(III)(bu2dtc)2]

(m/z 471) during the DESI experiment (eq 1). Electro-
chemical processes accompanying electrospray ioniza-
tion (ESI) were first recognized by Kebarle et al. [12]
and thoroughly investigated by Van Berkel and co-
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ization, through one-electron processes, of certain neu-
tral molecules present in the electrosprayed sample.
Both reduction [16, 17] and oxidation reactions [18, 19]
have been exploited in the case of organometallic com-
plexes and aromatic compounds. Ionization efficiency
can be increased by chemically or electrochemically
generating preformed ions before infusion into the ESI,
either by adding external redox agents [20] or by
passing the solution through an on-line or off-line
electrochemical cell [16].
In the DESI experiment the analyte does not come
into physical contact with the anode (i.e., the syringe
needle to which the voltage is applied). Rather, it is
chemically oxidized by species naturally formed or
present in the electrospray (e.g., O2 from ambient air
and from the oxidation of water [17]) or by reagents
deliberately added to the spray solvent. Having a
chemical reaction as the basis for the ionization process,
the problem of enhancing the ionization efficiency is a
problem in chemical reactivity. By deliberately adding a
reagent of choice to the spray solvent as an alternative
to using physical source parameters (e.g., electrospray
voltage to increase the oxygen production [17]) to
control the ionization process, we combine straightfor-
ward solution-phase redox chemistry with the ease
with which any reagent can be delivered in DESI to the
surface of the ambient sample.
We report here enhancement of the ionization effi-
ciency of copper dibutyl dithiocarbamate, Cu(II)(bu2dtc)2,
by two orders of magnitude by adding oxidizing agents to
the spray solvent. From the isotopic distribution of frag-
ment ions andMS3 data, we also attempt to identify all the
major peaks in the collision induced dissociation (CID)
spectrum of the complex ion [Cu(III)(bu2dtc)2]
. Note that
the copper complex is examined as an additive in a bulk
polymer.
Experimental
The experiments were carried out using a commercial
Thermo Finnigan LTQ (San Jose, CA) linear ion trap
mass spectrometer. The DESI source was home-built, as
previously described [2] but is similar to the commer-
cial source of Prosolia Inc. (Indianapolis, IN).
The acetonitrile (MeCN) was from Mallinckrodt
Baker Inc. (Phillipsburg, NJ) and used as received. All
the other reagents were from Sigma-Aldrich Inc. (Mil-
waukee, WI) except for 1,2-naphthoquinone (Distilla-
tion Products Industries, Eastman Chemical Company,
Rochester, NY) and iodine (Mallinckrodt Baker Inc.).
The polymer, a layered ethylene propylene diene
monomer (EPDM) rubber, was supplied by Chemtura
Corporation (Middlebury, CT) and used without any
chemical processing. The Cu(II) dibutyl dithiocarbam-
ate is an aging product resulting from the reaction of
tetrabutyl thiuram disulfide and copper from copper
2-mercaptobenzothiazolate [14], which are additives.
The experiments were performed on newly exposedpolymer surface obtained by slicing the upper rubber
layer into thin pieces. Small pieces of about 4 mm2 were
then used for each measurement.
Each sample was placed 5 mm away from the MS
inlet capillary and then electrosprayed from a distance
of 2.5 mm, at a flow rate of 5 Lmin1 and an incidence
angle of 60°. The syringe needle was held at 5 kV, the
inlet capillary at 15 V, and the tube lens at 65 V. The
nebulizing gas pressure (nitrogen) measured at the gas
tank, was 200 psi.
Results and Discussion
The ionization of Cu(II) dibutyl dithiocarbamate in the
ESI source involves simple oxidation of Cu(II) to Cu(III)
[14, 21]. Such behavior is not unusual for transition-
metal dithiocarbamates of the type M(R2dtc)2 for which
the high oxidation state complexes [M(R2dtc)2]
 are
remarkably stable [20]. In the DESI source we expect a
similar ionization mechanism for the copper complex.
Indeed, upon sample examination using MeCN as the
spray solvent, a small signal corresponding to
[Cu(III)(bu2dtc)2]
 was generated. The chemical species
most likely responsible for this redox process is oxygen
absorbed from the atmosphere, and/or generated at the
syringe needle by water electrolysis. Signal variation
with the electrospray (ES) voltage, known to favor the
electrochemical reactions inside the spray solvent, was
negligible in the tested range of 0 to 7 kV, suggesting
only minor contributions of this process to the total
oxygen content. Changing the nature of the oxidizing
species by adding a reagent of choice to the spray
solvent is therefore the best method to enhance the
ionization efficiency and, as our results demonstrate,
this is also simple and very effective. This technique, a
type of reactive DESI experiment, is demonstrated for
iodine (Figure 1), which produces a signal increase of
two orders of magnitude. A possible correlation be-
tween the signal intensity and the oxidizing strength of
the reagent was investigated using eight organic and
inorganic oxidants. Table 1 shows the intensities of the
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Figure 1. Positive DESI mass spectrum of the polymer sample
sprayed with I2 (2  10
4 M) in MeCN.copper complex ion, the signal to noise ratios (S/N) and
1093J Am Soc Mass Spectrom 2006, 17, 1091–1095 ENHANCED DESORPTION IONIZATION BY OXIDIZING ESIthe half-wave reduction potentials (E1/2) or standard
reduction potentials (E0) for each reagent. Each spec-
trum was recorded using a 50 ms ion injection time into
the ion trap, and the signal was averaged over 20 scans.
The S/N was calculated as the ratio between the
intensity of the signal at m/z 471 and the averaged
intensities of five background peaks in the vicinity of
the target signal: m/z 430, 440, 450, 480, and 500.
The E1/2 and E
0 values were taken from literature
and used in this work after a few simplifying assump-
tions were made. Thus, the half-wave potentials [22]
were assumed to equal the standard potentials and the
traces of water in the solvent (initially present or
collected from atmosphere in the course of the experi-
ment) are presumed to have a negligible effect on the
values of the potentials. For potassium bichromate and
hydrogen peroxide no studies in non-aqueous media
have been found in the surveyed literature and so, E0 in
aqueous phase were used. For this reason these two
systems should not be directly compared to the rest of
the oxidants. Even though we advise the reader to treat
these data with caution, we believe that neither the
purpose of this work nor the nature of the experiments
for which the solvent composition would be difficult to
control strictly due to changes in pH and oxygen
content in the ES, require at this point a more accurate
set of reference data. All the tested reagents were
soluble in unpurified MeCN at the specified concentra-
tions.
Our results reveal no clear correlation between the
oxidative strength of the reagents and the signal abun-
dances. However, a plot of reduction potential versus
S/N is approximately linear (R2 0.95) when hydrogen
peroxide and potassium bichromate are excluded from
the dataset. The first point of the series was attributed to
the pure solvent spray, assuming that oxygen is the
Table 1. Signal abundances, signal to noise ratios and half-wav
Spray reagent
DESI signal
intensity (RSD%)a DESI S/N (R
Acetonitrile (oxygen) 170 (100) 7.1 (11
1-Chloroanthraquinonec 810 (120) 5.5 (21
1,2-Naphthoquinonec 17 (50) 30 (70
1,4-Benzoquinonec 460 (1.8) 27 (3.6
Tetrafluoro-1,4-
benzoquinonef
1400 (92) 69 (0.1
Tetrachloro-1,4-
benzoquinonef
1200 (74) 90 (19
Iodinef 98,000 (130) 170 (24
Potassium bichromatef 130,000 (25) 240 (1.5
Hydrogen peroxidec 400 (79) 29 (66
aAverage of two measurements;
bE1/2 determined by cyclic voltammetry in MeCN;
c2.2  103 M in MeCN;
dE1/2 determined by polarography in dimethylformamide;
eE1/2 determined by polarography in MeCN;
f2.2  105 M in MeCN;
gE0 in MeCN;
hE0 in water.active species. A large decrease in the E0 of hydrogenperoxide in MeCN (as it is also the case for oxygen)
could account for the pronounced deviation from the
trend established by the other reagents.
The rather poor reproducibility of the data reflected
in the relative standard deviation (RSD) values could be
due to small variations in sample flatness and position
relative to the spray plume and MS inlet, to the small
number of replicates, and to a possible nonhomoge-
neous distribution of the copper(II) complex inside the
polymer layer. S/N values were thus compared along
with absolute signals, as they better reflect the signal
enhancement. The difference in the reagent concentra-
tion for the most effective oxidants (see Table 1) relative
to the less effective ones had a negligible effect on the
relative signal intensities.
It is possible to map the spatial distribution of
molecules by DESI [2]. The analyte distribution was
therefore investigated by scanning the sample surface
with three different solvent sprays containing tet-
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)a
ESSI signal
intensity (RSD%)a ESSI S/N (RSD%)a E(V)
2.7 (47) 2.8 (34) 0.82b [23]
0.068 (40) 2.2 (33) 0.90d [24]
8.1 (3.9) 7.8 (3.5) 0.56e [25]
8.5 (55) 2.7 (40) 0.51e [25]
120 (8.3) 110 (6.4) 0.04e [25]
170 (13) 140 (32) 0.01e [25]
54 (16) 4.6 (21) 0.52g [26]
470 (4.6) 30 (6.0) 1.36h [22]
8.2 (15) 7.8 (11) 1.76h [22]e and
SD%
0) 
) 
) 
) 
2) 
) 
) 
) 
) Figure 2. Product ion MS2 spectrum of [Cu(III)(bu2dtc)2]
.
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none, and iodine. Each time, the sample was examined
by manually moving the sample stage in front of the MS
inlet with a rate of about 0.1 mm s1. Six data points
were collected over a distance of about 7 mm so that
each value averaged the signal collected over a distance
of about 1 mm, which is the diameter of the sampling
surface area of the spray plume. The RSD values
calculated for each scanning experiment using the six
data points were between 23 and 46% for the absolute
signals and between 10 and 26% for the S/N suggesting
that point-to-point variability could make some contri-
bution to the overall precision of the experiment.
To verify if the selected reagents have a similar
behavior in the homogeneous solution phase to that
seen in the heterogeneous DESI experiment, we allowed
them to react in equal concentrations and for equal
duration (2 min), with an extract of the copper(II)
dithiocarbamate in acetonitrile solution. The mixture
was then analyzed by electrosonic spray ionization-
mass spectrometry (ESSI-MS). The data were measured
and analyzed in a manner similar to that described
above. Most of the reagents had little effect on the signal
intensity as shown in Table 1 and no clear relationship
was found between the S/N values and the reduction
potentials. Interestingly, though, other peaks containing
copper were observed in many of the spectra, suggest-
ing reactivity of the reagent towards the copper com-
plex. For example, the dimer of the copper complex,
[Cu(bu2dtc)2]2
 (m/z 942) was identified in the potas-
sium bichromate and tetrafluoro-1,4-benzoquinone
spectra. In the DESI experiments such products were
much less abundant than the target ion and so, they
passed unnoticed. It thus appears that the oxidants do
not act only as innocent one-electron acceptors and that
a more complex chemistry accounts for the uncorre-
lated solution phase data. Similar reactivity towards
transition-metal dithiocarbamates has been previously
demonstrated for nitrosonium tetrafluoroborate [20].
The simple one-electron-transfer is the favored process
and in the much smaller time window available during
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Scheme 1. Fragmentatithe DESI experiments (in the order of milliseconds)compared to the ESSI experiments (2 min), the
[Cu(III)(bu2dtc)2]
 predominates. A possible catalytic
effect of the surface on the formation of the
[Cu(III)(bu2dtc)2]
 could also explain the differences in
the product yield observed between the two experi-
ments. More dilute solutions or shorter reaction times
could be necessary to match DESI results. This is
therefore, a case where the heterogeneous phase exper-
iments offer access to a more simple chemistry than the
homogeneous solution phase experiments. We believe
that for the system studied here, the standard reduction
potentials could still be used for optimum reagent
selection in DESI experiments, and the signal increase is
sufficiently large to disregard the competitive reactions.
Metal complexes with dithiocarbamates have been
previously investigated by ESI-MS and the observed
fragments identified [14, 21]. We attempted to elucidate
the fragmentation pattern of the complex
[Cu(III)(bu2dtc)2]
 to confirm the reported results and
to identify new fragments. Thus, the major peaks in the
MS2 spectrum of the Cu(III) complex ion were identi-
fied from both the isotopic distributions and from the
corresponding MS3 spectra.
The fragmentation pattern is presented in the prod-
uct ion MS2 spectrum shown in Figure 2 and the
calculated, as well as measured, isotopic distributions
for each ion are listed in Table 1S (Supplemental Mate-
rial section, which can be found in the electronic version
of this article). Dissociation of the precursor ion was
achieved by collisions with helium gas in the ion trap, at
collision energies of 22 to 22.5% (expressed in terms of
the manufacturer’s nominal relative collision energy).
The isolation window was set at 3 Thomson centered
upon m/z 472, to cover the entire isotopic distribution.
Our results confirm that the previously identified [14]
peaks at m/z 172, 190, 268, and 286, have the assign-
ments presented in Table 1S. The signal at m/z 286 is the
in-trap hydration product of the ion at m/z 268 and we
believe that likewise, the signal at m/z 208 is due to
in-trap hydration of the ion at m/z 190. These water
adducts are much more abundant in the ion trap mass
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due to the long path length and low-energy of the
trapped, oscillating ions [27]. Similar increased ion
hydration relative to that observed using other mass
spectrometers has been noted previously for other
metal complexes, including metal carbonyls [27, 28]. In
reference 14, exact mass measurement was used to
identify the fragments in the MS2 spectrum however,
for the m/z 395 fragment ion, this measurement sug-
gested an anomalous molecular formula, i.e.,
C20H31N2S3. We suggest that this fragment ion is in fact
C17H36N2S2Cu and resulted from loss of carbon disul-
fide (CS2) from the intact copper complex. Our conclu-
sion is based on the similarity between the calculated
and the measured isotopic distribution. The result is
also consistent with the exact mass data [14] since the
theoretical mass for C17H36N2S2Cu is 395.1616 and the
measured mass was 395.1639 Da. These data show the
value of having both MSn and exact mass measurement
information available for elucidating structural prob-
lems.
A mechanism for the CS2 loss is proposed in Scheme
1. The lowest m/z that could be measured in our CID
spectrum was m/z 150 and so, lower mass fragments
could not be observed.
Conclusions
This study shows that an increase in the desorption
ionization efficiency of two orders of magnitude was
possible for the Cu(II) dibutyl dithiocarbamate, when a
reactive spray containing an oxidizing agent was used.
Parallel measurements made in homogeneous solution
showed negligible oxidation for most of the reagents (as
well as some minor products not seen in the DESI
experiment) suggesting that the rate of oxidation is
increased by interfacial processes, which are being
further explored. This demonstration of the ability to
use chemical reagents to alter the selectivity of DESI,
suggests the possibility of using solution-phase chem-
istry without sample pretreatment, to enhance sensitiv-
ity. The dissociation pathways were also identified.
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